Two different initial microstructures, martensitic and lamellar, were developed in a Ti-6Al-4V alloy to examine their effect on the high temperature mechanical properties and superplasticity after high-pressure torsion (HPT). Significant grain refinement was achieved in both conditions with grain sizes after HPT processing of ~30 and ~40 nm, respectively. The nanocrystalline alloy in both conditions was subjected to mechanical testing at 923-1073 K with strain rates in the range from 10 -3 to 10 -1 s -1 . The martensitic and lamellar alloys exhibited excellent ductility at these high temperatures including superplastic elongations at 973 K with maximum elongations of 815% and 690%, respectively. The fcc phase was stable at elevated temperatures in the martensitic alloy and the results suggests the fcc phase may contribute to the superior superplastic properties of the martensitic alloy.
appearance of even a small amount of the β-phase in a Ti-6Al-4V alloy would make a contribution to superplasticity by inhibiting significant grain growth and thereby promoting grain boundary sliding [15] . Thus, a nanostructured Ti-6Al-4V alloy produced by HPT showed superplastic behaviour with relatively high elongations (>500 %) during tensile testing at 923 K in the strain rate range of 10 -4 to 10 -3 s -1 [13, 15] and an elongation of 676% was reported at a testing temperature of 998 K with an initial strain rate of 10 -3 s -1 [15] . More recently, there is a report of an elongation of 790% at the lower testing temperature of 873 K using an initial strain rate of 10 -4 s -1 [16] .
material divided into two separate batches for different heat treatments. The first batch was solution annealed at 1273 K for 30 min followed by water quenching to give a martensitic αʹ microstructure. The second batch was solution annealed at 1223 K for 45 min followed by air cooling to room temperature, stress relief annealing at 873 K for 3h and furnace cooling to give a lamellar (α+β) microstructure. Following the initial heat treatments, disks with thicknesses of ~0.8 mm and diameters of 10 mm were processed by HPT at room temperature under an applied pressure of P = 6.0 GPa using a rotation speed of 1 rpm through totals of 10 revolutions under quasi-constrained conditions [19] .
The initial microstructures were examined by optical microscopy (OM) after grinding, polishing using a 40 nm colloidal silica suspension and then etching with a solution of 88 mL H2O, 10 mL HNO3 and 2 mL HF. Foils for transmission electron microscopy (TEM) were prepared after HPT using a focused ion beam (FIB) Zeiss Nvision 40 FIB facility at 3 mm from the disk centres in the normal sections of the disks so that the normals of the images lay in the shear direction. The TEM micrographs were obtained using a JEOL JEM-3010 microscope operating under an accelerating voltage of 300 kV. Each HPT disk was polished to a mirror-like quality and hardness measurements were taken using a Vickers microhardness tester with a load of 500 gf and dwell times of 10 s. The average microhardness values, Hv, were measured along randomly selected diameters on each disk with the measurements taken at intervals of ~0.5 mm and at every point the local value of Hv was obtained from an average of four separate hardness measurements.
Electro-discharge machining was used to cut two miniature tensile specimens from symmetric off-centre positions in each disk, thereby avoiding the inhomogeneities associated with the limited straining around the disk centres [20] . These specimens had gauge dimensions of 1.1 × 1.0 × 0.6 mm 3 . The mechanical properties were examined at temperatures of 923 and 1023 K using an initial strain rate of 1.0 × 10 -2 s -1 and at 973 K using initial strain rates in the range 1.0 × 10 -3 to 1.0 × 10 -1 s -1 . At least two samples were tested for each condition. The stress-strain curves were plotted for each specimen and the ultimate tensile strengths were derived from the curves. The elongations to failure were estimated by carefully measuring the gauge lengths before and after tensile testing.
The phase constituents were determined using X-ray diffraction (XRD) (Rigaku SmartLab)
employing Cu Kα radiation (wavelength λ = 0.154 nm) at 45 kV and a tube current of 200 mA.
The XRD measurements were performed over an angular 2θ range from 30° to 90° using a scanning step of 0.01° and a scanning speed of 2° min -1 . The analysis using XRD was conducted using sample areas with diameters of ~3 mm located near the edges of the disks. The microstructures of samples after tensile testing at 973 K were characterized in the gauge and grip regions using electron backscattered diffraction (EBSD) with a JSM6500F thermal field emission scanning electron microscope (SEM). The EBSD patterns were collected using step sizes of 0.2 μm for the samples pulled to failure at 973 K. Low-angle grain boundaries (LAGBs) were taken as boundaries with misorientation differences between adjacent measuring points within the range from 2° to 15 o and high-angle grain boundaries (HAGBs) had misorientation differences of more than 15. A clean-up procedure including grain dilatation and grain confidence index standardization was performed on each EBSD image such that the total numbers of modified points were less than 20 % for all measured points.
Experimental results

Microstructures before and after HPT processing
The microstructure of the material after solution annealing at 1273 K for 30 min followed by water quenching is shown in Fig. 1(a) . Thus, the coarse prior β grains, with an average size of ~500 μm, were fully transformed to αʹ martensite and the microstructure shows martensitic laths with different orientations and average lath thicknesses of ~0.8 μm. Figure 1(b) shows the microstructure after solution annealing at 1223 K for 45 min followed by air cooling to room temperature, stress relief annealing at 873 K and furnace cooling. For this condition, there is a lamellar (α+β) structure with different orientations distributed throughout the microstructure and with the retained β phase lying between the α platelets. This microstructure consists of prior-β grains with an average size of ~500 μm, colony size parallel-oriented α-phase lamellae of 200 μm and an α lamellae lath width of ~1.5 μm. The microstructure of the αʹ alloy after HPT through 10 turns is shown in Fig. 1 (c) at a region ~3 mm from the disk centre. The microstructure consists mainly of reasonably equiaxed grains with an average size of ~30 nm and with the fringe contrast implying that highly dense dislocations are accumulated in the microstructure. Figure 1(d) illustrates the microstructure of the HPT-processed α+β alloy at the same position in the disk.
This microstructure consists of an array of ultrafine equiaxed grains having an average size of ~40 nm with grains having an irregular shape with sharp corners and many grains surrounded by boundaries that are wavy and not well delineated. These equiaxed grains appear to be formed by the fragmentation of elongated grains and the heterogeneous contrasts within the grains are caused by defects such as dislocations.
The results for the Vickers microhardness measurements on the αʹ and α+β alloys after HPT are shown in Fig. 2 with the average values of Hv plotted along each disk diameter and with the lower dashed lines at Hv ≈ 340 and ~290 corresponding to the initial hardness values before HPT for the αʹ and α+β alloys, respectively. It is clear that for both alloy conditions the hardness after HPT is significantly higher than before HPT. Thus, in Fig. 2 for the αʹ alloy, there is essentially an increase up to Hv ≈ 390 at the edge of the disk after 10 turns whereas the hardness increases only to Hv ≈ 355 in the centre. The results confirm that it was not possible to produce a fullyhomogeneous hardness distribution after 10 turns and there are significantly lower hardness values within a radius of <1 mm around the centre of the disk. The same trend is visible in Fig.   2 for the α+β alloy where the hardness at the edge increases to Hv ≈ 350 but the hardness is Hv ≈ 320 in the centre. It is concluded from these data that the microharndess of the martensitic alloy is higher than for the lamellar alloy both before and after HPT processing. Figure 3 shows the engineering stress-engineering strain curves after tensile deformation at temperatures of 923, 973 and 1023 K with an initial strain rate of 1.0 × 10 -2 s -1 after HPT for (a) the αʹ and (b) the α+β alloys. These curves show hardening in the initial stage, a peak stress and then gradual softening. The total elongations to failure are at a maximum at 973 K there are lower elongations at both lower and higher temperatures. Additional stress-strain curves are shown in Fig. 4 after testing at 973 K for initial strain rates from 1.0 × 10 -3 to 1.0 × 10 -1 s -1 for (a) the αʹ and (b) the α+β alloy. It is evident that the total elongations to failure increase with decreasing stain rate and these elongations are consistently higher for the martensitic alloy.
Mechanical properties at elevated temperatures
The maximum total elongations recorded in these experiments after HPT under identical processing conditions was 815% and 690% for the αʹ and α+β samples, respectively. Both of these values exceed the minimum tensile elongation of 400% which is a requirement for true superplastic flow [21] . It is important to note also that excellent superplastic elongations occur in the αʹ alloy at a strain rate of 10 -2 s -1 which confirms the occurrence of high strain rate superplasticity [22] whereas in the α+β alloy the elongation at 10 -2 s -1 is 410% which is only marginally within the superplastic regime. Moreover, the experimental range of strain rates was not sufficient to clearly reveal the three regions of flow generally associated with superplastic alloys where the measured elongations decrease at both low and high strain rates [23] .
Using data from Figure 6 shows the X-ray diffraction patterns in the grip sections of (a) the αʹ and (b) the α+β alloys for the initial condition (annealed), and in the grip sections after HPT and tensile testing at 923, 973 and 1023 K using an initial strain rate of 1.0 × 10 -3 s -1
Microstructures after high temperature deformation
. As anticipated, the microstructure of the initial αʹ alloy in Fig. 6 (a) consists only of martensite with a main peak at (101)α/αʹ whereas the microstructure of the initial α+β alloy in Fig. 6 (b) shows α-phase peaks with a main peak at (101)α/αʹ and a peak corresponding to the (110)β plane at 2θ ≈ 39.6° which confirms the existence of the β-phase in the microstructure. The volume fraction of the β-phase in the heattreated condition was estimated as only ~6% using standard procedures [25] .
The XRD patterns of the martensitic alloy after HPT processing in Fig at the gauge and grip sections appears to be slightly smaller than in the lamellar alloy.
Discussion
Microstructural evolution during HPT processing and tensile testing
Two different initial microstructures in the Ti-6Al-4V alloy, martensitic αʹ and lamellar (α+β), were subjected to processing by HPT and the results reveal different hardness values and different final microstructures. Thus, the hardness is higher and the grain size is smaller for the αʹ alloy by comparison with the α+β alloy so that the different initial microstructures have a significant effect on the processed structures. In practice, the martensitic microstructure contains high levels of residual stress, many dislocations and stacking faults with a few platelets containing twins due to the shear transformation, together with a supersaturated chemical composition [26] . In addition, the initial microstructures have a high volume fraction of boundaries in the αʹ and α+β structures and these boundaries probably act as nucleation sites for rapid grain fragmentation and subgrain formation during the initial stages of HPT processing.
Twining plays a major role in the grain refinement, at least in the early stages of deformation in coarse-grained hcp-Ti alloys, and the introduction of extra interfaces within the grains during deformation twinning leads to significant grain refinement following the saturation of twinning The results show that the heavily-deformed αʹ and α microstructures transform to equilibrium α and β when holding the samples at the testing temperatures and therefore there are phase transformations of the type αʹ+fcc→α+β+fcc in the former and α→α+β in the latter. It was reported earlier that the fine precipitation of the α and β-phases from a fully martensitic structure occurs by a nucleation and growth process controlled by atom diffusion at martensite plate boundaries or at internal structures such as twins [32] . The volume fraction of the β-phase in both alloys increases by increasing the testing temperature but this investigation reveals a very low volume fraction of β-phase (<6%) in the HPT-processed samples in both alloys after holding at high temperatures. The results also show that the fcc-phase is stable even after holding at 923-1023 K and the volume fraction of this phase is ~10% at these temperatures.
The importance of superplastic deformation in the martensitic and lamellar alloys
The results confirm that the HPT-processed martensitic and lamellar Ti-6Al-4V alloys both exhibit superplastic elongations (>400%) when testing at temperatures of 923 to 1023 K but it is apparent from Fig. 4 The β-phase precipitation, which is accelerated after holding at the testing temperature following SPD, acts as an accommodation mechanism and contributes to the enhancement of superplasticity in both alloys. Thus, in Ti-6A1-4V alloy the appearance of even a small amount of β-phase during heating also makes a contribution to superplasticity by inhibiting significant grain growth and promoting GBS [14] . In addition, β is softer than α at elevated temperatures [34, 35] due to a higher diffusivity and the presence of more active slip systems. Therefore, it is reasonable to assume that the volume fraction of β plays role in determining the dominant flow mechanism [8] . It is important to note also that for the martensitic alloy the fcc-phase is stable in high temperature deformation and it appears that the existence of ~10% fcc-phase during mechanical testing at high temperatures also contributes to superplastic flow by inhibiting grain growth and promoting GBS. The fcc phase has a higher number of active slip systems than the β and α phases and this will assist in the accommodation of GBS through intragranular slip.
Significance of the measured strain rate sensitivity
It is shown in Fig. 5 that the measured values of the strain rate sensitivity were ~0.33 and ~0.27 in the αʹ and α+β alloys, respectively. These values are significantly lower than the anticipated value of m  0.5 in the theoretical model for superplasticity [24] but the result is similar to the value of m  0.33 for flow where dislocation glide is the rate-controlling process [36] . Nevertheless, the elongations to failure are much higher than those attained in any metals deforming by viscous glide where a recent review shows the maximum reported elongations are never more than ~300% [21] . Furthermore, similar values of the stain rate sensitivity have been give an elongation of 474% [10] and m  0.3 using multi-axial forging to produce a grain size of 0.3 µm and then testing at 873 K with a strain rate of 5 × 10 -4 s -1 to give an elongation of 500%
[37]. All of these elongations are within the superplastic regime and yet the strain rate sensitivities are unusually low.
A similar result was reported very recently for a CoCrFeNiMn high-entropy alloy where there was a measured value of m  0.31 with superplastic elongations up to >600% and the low value of m was attributed to the occurrence of extensive grain growth during the tensile testing where the grains grew from ~10 nm to ~1.0 µm [38] . This means that the grain size remained within the superplastic regime despite grain growth by two orders of magnitude and this contrasts with conventional superplastic alloys where the grain sizes are generally of a few micrometers and any grain growth takes the material outside of the superplastic range. As noted earlier, the occurrence of very extensive grain growth and microstructural instability will effectively displace the experimental points in a logarithmic plot of stress against strain rate and lead to an erroneously low value for the measured strain rate sensitivity [38] . The same explanation applies also for the present investigation on the Ti-6Al-4V alloy where the initial grain sizes after HPT were ~30-40 nm but, as shown in Fig.8 , the grain sizes after tensile testing were ~1.5-1.7 µm so that again the grain sizes remain in the superplastic regime.
Significance of the initial microstructure on the superplastic elongations
To provide a direct comparison with earlier published data on superplasticity of the Ti-6Al-4V alloy after HPT processing, Table 1 
Comparison with superplasticity in Ti-6Al-4V alloys using other processing techniques
Although the grain size achieved in the martensitic alloy was ~30 nm after HPT processing and this produced exceptional superplasticity with a record elongation of 815%, inspection shows this elongation is significantly smaller than reported in other investigations of the Ti-6Al-4V alloy using other processing techniques. For example, an elongation of 1000% was achieved in this alloy processed by multi-axial forging to produce a grain size in the range of 0.1-0.4 µm and then tested at 823 K using a strain rate of 2 × 10 -4 s -1 with a specimen having gauge dimensions of 12 × 3 × 1.5 mm 3 [39] . Multi-axial forging was used also to achieve a similar elongation of 1100% in an alloy with a grain size of 0.8 µm tested at 1023 K using a strain rate of 7 × 10 -4 s -1 with gauge dimensions of 15 × 4 × 0.8 mm 3 [40] and high temperature rolling was used to give a grain size of 1.8 µm and an elongation of 1706% at 1148 K using a strain rate of 10 -3 s -1 with a gauge length of 5 mm [41] . All of these elongations are larger than in the present investigation and the grain sizes are also consistently larger. Furthermore, the gauge lengths in each investigation are also longer since the present research used miniature tensile specimens cut from
HPT disks with dimensions of 1.1 × 1.0 × 0.6 mm 3 .
In principle, it is now well established that the elongations to failure in tensile testing generally increase with decreasing gauge length [42, 43] . This suggests, therefore, that the miniature HPTprocessed specimens should exhibit elongations that are larger rather than smaller than in the conventional specimens. This apparent inconsistency was noted in a recent study of the low temperature tensile properties of the Ti-6Al-4V alloy [31] and it arises because of the exceptionally reduced thicknesses in tensile specimens machined from HPT disks. In the present experiments, the thicknesses of the tensile specimens were only ~0.6 mm and this means there was not sufficient grains within the specimen cross-sections to accommodate a pulling out to exceptionally high tensile elongations. The occurrence of consistently lower elongations in the tensile testing of HPT-processed samples was also noted recently in a comprehensive review of experimental data for various Al-Mg-Sc specimens [44] . Thus, the present investigation provides meaningful information on the effect on superplasticity of different initial microstructures but the results give elongations that are smaller than in the longer conventional specimens that are cut from larger billets.
Summery and conclusions
1. Two Ti-6Al-4V alloys with different initial microstructures, martensitic and lamellar, were processed by HPT through 10 turns to produce grain sizes of ~30 and ~40 nm, respectively.
During HPT processing, an fcc-phase was formed in the martensitic alloy and the β-phase was dissolved in the lamellar alloy. Fig. 1 Optical micrograph of the microstructure for Ti-6Al-4V after (a) annealing at 1273 K for 30 min followed by water quenching (αʹ alloy) and (b) after annealing at 1223 K for 30 followed air quenching and then annealing at 873 K for 3 h followed by furnace quenching (α+β alloy).
Figures captions
TEM images of (c) αʹ and (d) α+β alloys after 10 turns HPT processing. Fig. 1 Optical micrograph of the microstructure for Ti-6Al-4V after (a) annealing at 1273 K for 30 min followed by water quenching (αʹ alloy) and after (b) annealing at 1223 K for 30 followed air quenching and then annealing at 873 K for 3 h followed by furnace quenching (α+β alloy).
TEM images of (c) αʹ and (d) α+β alloys after 10 turns HPT processing. 
